Introduction 2,6-Disubstituted 4-piperidones are key interm edi ates for derivatives of the reversed esters of pethidine attracting attention as opioid analgesics [2] , The phar macological effect of these compounds depends sensi tively on the relative configuration of the substituents in the piperidine ring as well as on the conform ation of the ring [3] . These results have prom pted the present study of the stereochemistry of the 2 ,6 -dipyridine sub stituted N-benzyl-4-piperidone-3-carboxylates and -3,5-dicarboxylates 1 and 2. Usually dimethyl 4-piperidone-3,5-dicarboxylates 2 are synthesized by a Mannich procedure from dimethyl acetonedicarboxylates, an aldehyde and an alkylamine [3 -6 ] and the monoester of the piperidone 1 by a condensation of the monoester of acetonedicarboxylates, aldehyde and alkylamine [7, 8 ] , respectively. These syntheses characteristically yield a mixture of isomeres, which could be identified as keto-enol-tautom erism as well as configurational isomers at C-2/C-6, especially in the case of the 2,6-diphenyl substituted N-methyl and N-benzyl-4-piperidone-3,5-dicarboxylates [4b, 5 a] . The purpose of this paper is to elucidate the stereochem istry of the 2 ,6-dipyridine substituted mono-and diesters of N-benzyl-4-piperidones by the means of NMR spectra and X-ray analysis as well as a discussion of the thermodynamic stability of these isomers of the monoester 1 from MNDO and FF (force field) calculations. Additionally, the structure of alcohols obtained from reduction of piperidones by sodium borohydride will be dis cussed.
Experim ental
The 'H NMR spectra were recorded in CDCI3 or DM SO -dft using a Jeol JNM 270 (270.05 MHz), JNM 400 (399.65 MHz) and a Bruker AM 360 L (360.134 MHz) spectrom eters, the heteronuclear 13C -'H shift correlations of l/2 b were measured using a Bruker AM 300 (300.133 MHz), the l3C NM R spectra using the Jeol JNM 270 (67.80 MHz) and a Bruker AM 360 L (90.556 MHz). The IR spectra were recorded with a Beckman Acculab 10, and the melting points with a Tottoli apparatus (Biichi). The elemental analyses were carried out by Mikroanalyt. Labor I. Beetz, Kronach. The silica gel used for the separation by column chrom atography was Kieselgel 60, Merck, 0.063-0.2 mm.
Synthesis o f the 2,6-di-2-pyridine substituted dimethyl N-benzyl-4-piperidone-3,5-dicarboxylate (2)
A solution of 5.5 g (0.05 mol) N-benzylamine in 10 ml m ethanol was dripped into a solution of 10.7 g (0 .1 mol) freshly destilled pyridine-2 -aldehyde and 8.7 g (0.05 mol) dimethyl acetonedicarboxylate in 20 ml m ethanol at -5 to 0 °C. The reaction mixture became brown and was allowed to stand at room tem perature until 2b crystallized. 2b was recrystal lized from methanol. Yield 18.2 g (61%) 2b, m .p. 162 °C.
C26H 25N 30 3 (459.5)
Calcd C 68.0 H 5.48 N 9.1, Found C 68.0 H 5.58 N 9.1.
The syntheses of the ketone isomer 2a has already been reported by Merz and Haller [5 b] ,
The synthesis of the 2,6-di-2-pyridine substituted methyl N-benzyl-4-piperidone-3-carboxylate (lb ) was carried out as reported by H aller et al. [7, 8 ] . The ketone isomer l a was obtained along with lb from the first crystallisation fraction, only. It was not possible to purify the ketone because l a isomerized very quickly to l b during this procedure.
Reduction o f l b and 2b
A solution of 0.25 g NaBH 4 in 10 ml water was dripped into a solution of 1 g of the enol isomer lb or 2b in 50 ml dioxane and 40 ml water. The reaction mixture was allowed to stand in a refrigerator over night, then hydrolysed with diluted hydrochloric acid (pH = 6 ) and evaporated in vacuo to 30 ml. The resulting suspension was extracted with dichloro m ethane, the organic layer dried with sodium sulfate and the solvent evaporated in vacuo.
The epimeric alcohols 3/4 (yield 45%) obtained by reduction of 2b were separated by column chrom atography (1 0 0 g silica gel, eluent: ethyl ace tate 4.0, m ethanol 3.0, toluene 6.0, conc. ammonia 0 .1 ).
3: R f = 0.8; crystallized from ethanol; m .p. 219 °C. 
Crystal structure analysis
Crystals investigated in the present study are clear transparent idiomorphic crystals. A crystal measur ing 0 .5 0 0 x 0 .2 0 0 x 0 .0 7 5 mm was used for data collec tion on an automatic Siemens A ED 2 four-circle dif fractom eter with graphite monochromaticed MoKa radiation (X = 0 .7 1 0 6 9 Ä ) and co-2$scan (# max = 30°). The intensities of 6338 reflections were recorded of which 1766 were rejected; 1459 had I > 3a(I) and were used for the subsequent refinement. The re fined cell dimensions given in the program DIF 4 (Siemens-Software) using 38 reflections. Lorentz and polarization but no absorption corrections were ap plied. The positions of the atoms were determined by direct m ethods (SHELXS-8 6 , [9 ] ) and refined by full-matrix least-squares methods with the program SHELX-76 [1 0 ] . The atomic scattering factors for neutral atoms C, H, N, O were taken from Cromer and M ann [11] . Anisotropic refinements of the crys tal structure converged at /^(unweighted) = 0.047 and /^(weighted) = 0 .0 4 5 .
Final atomic param eters are given in Table I and bond length and angles in Table II . Lists of observed and calculated structure factors have been deposited at the "Fachinform ationszentrum "*. 0.5217(7) 0.3920(7) 0.1804 (7) 636 ( 
Results and Discussion
The condensation of the m onoester of acetonedicarboxylates, pyridine-2-aldehyde and N-benzylamine yields mainly the piperidone lb , which is characterized by the enol structure of the /3-ketoester skeleton as the IR absorptions at 1655 (C^O ) and 1625 cm " 1 (C = C ) indicate [7, 8 ] . H aller et al. pos tulated equatorial positions for the pyridine rings at C-2 and C-6 as well as for the carboxylate function at C-3 in analogy to the ketone form of the dimethyl piperidone 3,5-dicarboxylates [12] , There is no indi cation of the configuration at C-2 in the 'H NMR spectra of l b because the hydrogen at C-2 does not have a coupling partner on C-3. The elucidation of the structure l b was achieved by the X-ray analyses, shown in the pluto plot (Fig. 2) and the stereoscopic view of the unit cell (Fig. 3) . The structure is differ ent from the one proposed by Haller et al. [7, 8 ]: The pyridine substituent at C-2 takes an axial position whereas the pyridine ring at C-6 has an equatorial position which results a trans substitution of the pyridine rings*. The benzyl residue at the nitrogen N-l takes an axial position to prevent a steric compression with the aromatic substituents at C-2 and C-6 . The full designation of the compound l b is, therefore, methyl l-benzyl-2a,6e-di-2-pyridyl-4-piperidone-3e-carboxylate. It is rem arkable, that the hydrogen at the enolic hydroxyl group shows neither an intramolecu lar nor an interm olecular hydrogen bond to the methoxycarbonyl function as usually expected in the enol form of ß-ketoesters.
The synthesis of the piperidone 1 yields a second isomer l a in a smaller amount than l b . The IR spec trum in CC14 indicates a ketone (1710 cm-1) and an ester carbonyl group (1735 cm-1) [8] . The NMR coupling constant of J = 5.5 Hz between the hydro gens at C-2 and C-3 assigns an axial position of the pyridine ring at C-2. On consideration of these spec troscopic data and the l3C NMR data (Table IV) , discussed later, the second isomer seems to be a tautom eric form of l b (Fig. 1) .
M N D O calculations [14] were carried out for four possible isomers of 1 (Fig. 4) : two ketone forms with pyridine rings trans (I) as well as cis (II) and also two enolic forms with pyridine substituents trans (III) as well as cis (IV). The calculations reveal an energetic advantage of the enolic form III (= lb ) over the other isomers. This corresponds to two experimental observations: first, the enol isomer l b is formed in great excess during the synthesis and second, it is possible to transform the ketone l a into the enol l b quantitatively by refluxing in ethanol. This suggests, that l b is a thermodynamically controlled product. Force-field calculations using MAXIM IN [15] N M R data o f the N-benzyl-4-piperidones 1 ,2 and the corresponding alcohols (the interpretation is ensured  by 135dept and 90dept spectra) . press the energetically small difference between the ketone isomers I and II as well as between the tautomeric isomers I and III. From the theoretical point of view all three isomers I -III should be o b served in solution, but the ketone form II with diequatorial pyridine rings at C-2 and C-6 should possess the smallest probability for existence. This is nicely supported by the fact that so far only II has not been observed. As expected the M NDO calculations of lb (III, Fig. 4 ) do not show an intramolecular hydrogen bond between the hydroxyl group of the enol and the ester function as found in the X-ray analysis. This is due to the co re-core repulsion term of M NDO. A version with modified core -core repulsion term , the M N D O /H program [16] , is suitable to correctly cal culate H-bonded systems. The condensation of dimethyl acetonedicarboxylate, benzyl-or methylamine and various aldehydes yields mainly two isomers, explained until now as the keto-enol-tautom erism [5, 6 ], In the case of 2,6-dipyridine substituted N-benzyl-4-piperidones the ketone isomer 2a, obtained by synthesis without any solvent and recrystallization from xylene/ligroin in an excess [5 b] , is characterized by IR absorptions at 1745 and 1700 cm -1 and a half set of signals in the 'H and l3C NM R spectra (see Table III and IV). These results indicate symmetrical positions of the sub stituents: the coupling constant of 10.8 Hz in the *H NM R spectrum between the hydrogens at C-2/3 and C-5/6 assigns a equatorial position for both pyridine rings and the methoxycarbonyl functions. The 13C NM R data (Table IV) of ketones l a and 2a are quite different, which indicates a different stereochem istry of these ketones.
The enol 2b, the main isomer, obtained by synthe sis in ethanol, shows the typical absorption of a con jugated C = 0 group in the IR spectrum at 1656 and 1620 cm *1. The *H NM R spectrum of 2b indicates a frans-coupling constant of 9.3 Hz for the hydrogens at C-5 and C-6 which assigns an equatorial position of the pyridine ring at C-6 and an equatorial position of the ester function of C-5. Nothing can be said about the configuration at C-2 from the 'H NMR spectrum , because of the isolated position of H-2. However the comparison of the l3C NM R data (Table IV) of the enol of the monoester lb , whose stereochem istry is well known from the X-ray analy sis, and of the enol of the diester 2 b shows nearly the same chemical shifts of the carbon atoms of C-2/3 and C-4. This is clear evidence for the same stereo chemistry of both enol forms lb and 2b, charac1 terized by an axial position of the pyridine ring in the allylic position. The 'H NM R data are comparable to the data for the 2 ,6 -di-/?-chlorophenyl substituted di methyl N-methyl-4-piperidone-3,5-dicarboxylate. re ported by Caujolle et al. [4 b ], who assumed the same stereochem istry. The 'H NM R spectrum of the first crystalline fraction from the synthesis in xylene/ligroin shows, that it contains mainly the ketone isomer 2a with a small am ount of 2b. In addition, there is a com plete set of the signals corresponding to a isomer in which the enol is formed on the other side of the molecule (Fig. 5) . This isomer 2c is characterized in the 'H NM R spectrum by a gauche coupling constant of 4.0 Hz for the hydrogens at C-5 and C-6 *, which indicates an axial position of the pyridine ring and an equatorial one for the ester function. An additional configurational change at C-2 is unlikely, because the chemical shift of H-2 is nearly the same as in 2b (Caujolle et al. [4b] m easured an upfield shift of 0.3 ppm for an exchange of a phenyl ring from the equatorial to the axial position at the same carbon atom instead of a downfield shift of 0.16 ppm, ob served here).
The enol isomers of the N-benzyl-4-piperidones 1/2 b were reduced by sodium borohydride in dioxane/water as solvent. The isomers, so obtained, differ in their configuration of the reduced centre C-4 as well as in the configuration of C-2 in the case of the reduc tion of 2b (Fig. 1) . In the case of the reduction of the diester 2b two isomers 3 and 4 were isolated. The hydroxyl group in the alcohol 4 takes an axial posi tion as shown by the typical axial-equatorial coupling constants of 4.0 Hz between the hydrogens at C-3/4 and C-4/5 whereas the pyridine rings are still in the same positions as in the enol 2b. The coupling con stant of 4.0 Hz between the protons at C-2/3 and of 8.9 Hz between the protons at C-5/6 indicate an axial pyridine ring at C-2 and an equatorial position of the pyridine ring at C-6 . The 'H NM R spectrum of the second isomer 3 is characterized by an axial -axial coupling constant of 10.0 Hz between all neighbour ing hydrogens and by equal chemical shifts of the hydrogens at C-2/6 and C-3/5, respectively (see T a ble III). This indicates a symmetrical structure which is distinguished by equatorial positions of all sub stituents. The structure of 3 implies a configurational change of the pyridine ring at C-2 (from the axial to the equatorial position) during the reaction leading to the same isomer isolated by Haller [17] from the reduction of the ketone 2a. The configurational change described above can be explained as resulting from the reversal of the Michael addition in the /3-aminoketones to ring opening which might be favoured by the benzylic residue at the nitrogen. Clo sure of the ring could produce a different or the same isomer (compare to [18] ). The reduction of the enol of the m onoester lb leads to two isomeric alcohols 5 and 6. The coupling constants in the 'H NM R spectra (m easured in DMSO-d6, Table III) of both isomers exhibit an axial position of the pyridine ring at C-6 and an equatorial position of the aromatic heterocyclus at C-2 which implies a double configurational change at C-2/C-6 during the reduction. The reduction product 5 is characterized by an axial hydroxyl function at C-4 which is proved by the small coupling constant of the proton at C-4. The alcohol 6 has an equato rial hydroxyl group at C-4 which is indicated by the large coupling constants of the hydrogens at C-4 (■^4.3 = ^4.5a = 10-5 Hz).
The change of the solvent from DM SO-d6 to CDCli is accompanied by a change in the conform a tion in the case of 6 as the great difference of the chemical shifts and the coupling constants in both solvents exhibits. The coupling constants of the *H NMR spectrum in DM SO-d6 are typical for the chair conformation whereas the conformation in CDCI3 seems to be a skewed boat as shown by the following hints: first, the equatorial and axial protons at C-5 shows nearly the same coupling pattern (Table III) and second, in NOE difference spectra both hydro gens at C-5 show a positive NOE to the hydrogen at C-4 as well as to the proton at C-6 . This is possible only in a boat conformation, which is characterized by a similar torsion angle between the hydrogens at C-5 and the protons at C-6 and C-4. This conform a tion might be stabilized by an intramolecular hydro gen bond from the hydrogen of the OH proton to the nitrogen N -l. Similar behaviour was observed in the *H NMR spectrum at a-prom edol ( 1 ,2 a ,5 e-trim ethyl-4e-phenylpiperidin-4a-ol, meas ured in CDCI3) by Casy et al. [19] , who also assigned the alcohol to a skewed boat conformation in solu tion. The crystal structure of a-prom edol [20] shows a chair conformation with the above m entioned con figurations.
The 13C NMR spectra of 5 and 6 (measured in DM SO-d6) show the typical y-gauche effect between the OH at C-4 and C-2/6: the value of C-2/6 in 5 are upfield shifted (Table IV) . The L'C NM R spectra of 6 measured in CDC13 and DMSO-d6 show different chemical shifts, especially in the case of C-5 (A d -6 ppm) which is an additional indication for the dif ferent conformation in both solvents.
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